Photo-modulation spectroscopy studies of the transitions at the Γ point of the Brillouin zone of thin films of B x Ga 1-x As alloys grown by metalorganic chemical vapor deposition are presented. A very small increase of the fundamental band gap is found in samples with B content up to 3%. Under hydrostatic pressure, the band gap increases at a rate almost identical to the pressure dependence of the GaAs band gap. In contrast to the case of N incorporation at similar concentrations into GaAs, the experimental results show that B incorporation does not cause large modifications of the conduction band structure in B x Ga 1-x As alloys.
Highly mismatched semiconductor alloys (HMAs) in which one of the constituent ele ments is replaced by an element with highly dissimilar properties are attracting much attention. These new alloys exhibit a range of unexpected fundamental physical properties with the promise of novel device applications. 1 It has been found that the substitution of the group V element in group III-V compounds with small amounts of nitrogen leads to dramatic changes of the electronic properties. The most significant of which are a large reduction of the fundamental band gap and a change in the effective electron mass. [2] [3] [4] [5] [6] For example, a 0.18 eV reduction of the band gap has been observed in GaN x As 1-x at x=0.01. 6 Furthermore, a new extra optical transition E + from the valence band to the conduction band at the Γ point has been found. 7, 8 Similarly striking effects have been observed in other group III-N-V alloys 9, 10 as well as in group II-VI alloys in which Te anions are partially replaced with more electronegative Se, S, or O atoms. 11, 12 Two distinctly different theoretical explanations have been proposed to explain the properties of HMAs. In the band structure calculations based on the Local Density Approximation (LDA) the unusual properties of GaNAs alloys are attributed to interaction between Γ, L, and X conduction-band minima resulting from a breaking of the crystal symmetry by the substitution N for As atoms. On the other hand the band anticrossing (BAC) explains the properties of all highly mismatched alloys in terms of an interaction between localized states introduced by highly electronegative atoms and the extended states of the conduction band. So far, all highly mismatched alloys have been formed by alloying on the anion sites. Drawing on the similarity between boron and nitrogen as small, electronegative atoms it has been speculated that substituting metallic Ga in GaAs with more electronegative B to form B x Ga 1-x As would produce effects similar to incorporating nitrogen into GaAs. However, a recent experimental study of B x Ga 1-x As with x up to about 2-4% found that alloying boron with GaAs does not induce any significant change in the fundamental band gap. 13 A subsequent theoretical LDA study supported this finding of a small and normal band gap bowing in B x Ga 1-x As alloys. 14 Recently, a theoretical study based on quantum molecular dynamics calculations using standard pseudopotentials was performed to explore the electronic structure of GaAs:B alloys. 15 While this study suggested that the relatively small effect of boron on the band structure as opposed to nitrogen is caused by the difference in the substitution sites, it predicted that the pressure dependence of the band gap for GaAs:B should be considerably weaker than in GaAs and nonlinear. In addition, a new optical transition at about 0.5 eV above the band gap, similar
to the E + transition observed in GaN x As 1-x alloys, is predicted.
In order to test these theoretical predictions we have studied the optical transitions from the valence band to the conduction band at the Γ point in a few B x Ga 1-x As alloy samples to determine the change of fundamental band gap as a function of boron mole fraction. The effect of hydrostatic pressure on the optical transitions in these B x Ga 1-x As samples has also been examined. We show in this letter that alloying a small amount of BAs with GaAs produces only small modifications of the band structures and that B x Ga 1-x As behaves just like conventional III-V alloys.
The B x Ga 1-x As samples used in this study were grown by metalorganic chemical vapor deposition (MOCVD). Before the growth of BGaAs, a 0.1-µm thick Ga 0.5 In 0.5 P etch-stop layer was deposited on a Si -doped GaAs substrate. The BGaAs layer thicknesses are around 1.1 µm.
The boron composition was estimated from the peak splitting of double-crystal X-ray diffraction rocking curves measured in the (004) reflection. Secondary Ion Mass Spectroscopy (SIMS) using To further demonstrate that alloying a small amount of BAs with GaAs does not induce a significant modification of the conduction band structure, we have measured band-gap transition energies as a function of applied hydrostatic pressure for three different samples:
GaAs, B x Ga 1-x As ( x=1.2~2.3%), and B x Ga 1-x-y In y As (x=1.2~2.3%, y=4%). It is well known that alloying a few percent InAs with GaAs reduces the band-gap energy but does not affect its pressure dependence. The pressure-induced energy shifts of the optical transition related to the direct band gap are plotted in Fig. 3 for all the samples. Data obtained previously for the fundamental band gap (E_) of GaN 0.03 As 0.97 is also plotted for comparison. The solid lines in Fig. 3 for the boron containing samples are least-square fits to the experimental data using a quadratic pressuredependent fit function:
where the energy E is in eV and the pressure P is in kbar. The pressure coefficients derived from the best fit to the experimental data are listed in Table I . It is clear that for the boron-containing alloy samples the pressure dependence of the band gap is nearly identical to that of GaAs and does not exhibit any significant nonlinear effect. This type of pressure dependence is commonly observed for conventional group III-V semiconductors. These experimental results do no support recent calculations based on the local density approximation (LDA) 15 that predict a much weaker pressure dependence similar to that observed in GaN x As 1-x alloys.
The pronounced difference in the pressure dependence of the energy gap of GaN 0.03 As 0.97 has been understood in terms of an anticrossing interaction between localized N states and the extended Γ states of the conduction band of the host semiconductor matrix. 6, 20, 21 The interaction splits the conduction into two subbands (E_ and E + ). The downward shift of the lower E_ subband relative to the top of the valence band is r esponsible for the reduction of the fundamental band gap and the transition from the valence band to the E + upper subband account for the high-energy edge. Application of high pressure gradually changes the character of the E_ subband edge from extended-like to localized-like that results in a much weaker but highly nonlinear pressure dependent behavior in GaNAs. The absence of any significant band anticrossing effects in B x Ga 1-x As alloys indicates that the localized B level is located very high above the conduction band edge. This is consistent with the much smaller electronegativity of B compared with N atoms. Also it demonstrates that because of much smaller electronegativities of column-II and III elements, band anticrossing effects are not expected to play a significant role at cation sites in group II-VI or III-V alloys.
In conclusion, we have studied the effect of boron on the electronic band structure of 
